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Abstract 

Research on estuaries has increased in recent years, however, the effects of logging on 

estuaries and the effects of estuary habitat loss on Chinook salmon (Oncorhynchus 

tshawytscha) in the Pacific northwest is limited. To address habitat loss associated with 

logging, I used an extensive aerial photo record for Tranquil Creek estuary and an 

unlogged control to analyze changes in salt marsh area, elevation and volume, 

supplemented with a grain size distribution analysis. 

While I failed to find evidence of a difference between a logged and an unlogged 

estuary, some negative trends in salt marsh area and elevation observed over the 

observational period were indicative of changes that are unfavorable for juvenile 

Chinook salmon. Analytical methods presented here to assess changes in two remote 

coastal estuaries has contributed to the current knowledge on the effects of logging on 

estuarine ecosystems in coastal BC and provide tools for innovative estuary habitat 

restoration.  

 

Keywords: Chinook salmon (Oncorhynchus tshawytscha); salt marsh; estuary 

restoration; logging; sediment; aerial photograph analysis.   
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1. INTRODUCTION 

1.1. Background 

Historical land use practices have significantly changed the landscape in British 

Columbia (B.C.). As a result, watersheds affected by anthropogenic activities have been 

the focus of restoration studies in recent years (Keeley & Walters 1994; Simenstad & 

Cordell 2000; Simenstad et al. 2002; Hood 2014; Ellings et al. 2016). Vancouver Island 

has lost three quarters of its original old-growth forests to clear-cut logging practices 

(Mychajlowycz 2010). Clayoquot Sound, on the West coast of Vancouver Island (Fig.1), 

was historically a priority area for commercial timber harvest because of the extensive 

intact old-growth tributaries (CSSP 1995). Tranquil Creek was one of many watersheds 

in Clayoquot Sound that was logged. The Moyeha River is one of only two unlogged 

watersheds in Clayoquot Sound and was used as a reference study area for this 

project.  

From 1950 to 1993, 27,000 ha of old-growth forest was logged in Clayoquot 

Sound (Mychajlowycz 2010). Industrial 

logging in Clayoquot Sound peaked in the 

late 80s with harvest rates reaching 1200 ha 

per year (CSSP 1995). Clear-cutting of intact 

old-growth forests in Clayoquot Sound 

triggered significant controversy over 

unsustainable forestry practices and the 

subsequent loss of ecosystem services on 

Meares Island (Berman & Leiren-Young 

2011). The loss of old-growth forest 

ecosystems sparked the iconic Clayoquot 

Sound protests known as ñWar in the 

Woodsò in 1993. Since then there have 

been significant changes to the forestry 

Figure 1. Study Sites: Tranquil Creek & Moyeha River. 
Both study sites are in Clayoquot Sound on the West Coast 
of Vancouver Island, BC, Canada. Tranquil Creek: Latitude: 
49Á13ô54ò N Longitude: 125Á39ô30ò W Moyeha River: 
Latitude: 49Á43ô14ò N Longitude: 125Á90ô95ò W (Esri 2011).  
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industry both within B.C. and in Clayoquot Sound. The environmental legacy of these 

industrial harvests, however, are still apparent and will be for decades to come. It is for 

this reason that there is significant focus on restoring degraded watersheds and 

protecting intact old-growth forests (Berman & Leiren-Young 2011).  

There is an extremely good historical aerial photograph record for Tranquil Creek 

and Moyeha River watersheds. This data can be analyzed to track environmental 

changes over time by comparing the impacts of land use at a large spatial scale 

(Morgan et al. 2010). This rare and invaluable resource provides crucial information on 

conditions prior to industrial land use and can be used to help set restoration objectives 

(Hales 2000; Ellings et al. 2016). 

 The effects of forestry practices on small coastal watersheds have been 

reported in Clayoquot Sound and have been rigorously studied using unlogged controls 

in Carnation Creek on Eastern Vancouver Island (Hartman et al. 1996) and in the 

Cascade Mountains of Western Oregon (Lyons & Beschta 1983; Montgomery et al. 

2000). Logging activities affected stream temperature, stream hydrology, and trophic 

processes in Carnation Creek (Hartman et al. 1996). The cumulative effects on the 

hillslopes and riparian areas after logging to the stream margin, also decreased the 

quantity and quality of fish spawning and rearing habitat for stream-resident salmonids 

(Hartman et al. 1996).  

In steep watersheds that are managed for timber harvest, accelerated rates of 

landslides and debris flows are common (Lee et al. 2005). In Carnation Creek, complete 

loss of forest cover altered hydrology, reduced slope stability and increased the amount 

of sediment delivered to the river system via mass wasting events (Hartman et al. 

1996). The magnitude of sediment delivered from landslides associated with forestry 

practices in Carnation Creek increased 12-fold. In another study on the Queen Charlotte 

Islands 17 years post logging, they found a 34-fold increase in the volume of landslide 

material delivered to the river (Rood 1984). Guthrie (2005) noted that logging on 

Vancouver Island increased landslide frequency from 0.014 km2 per year to 0.189 km2 

per year. Excess sediment is associated with road cuts, road surfaces, and ditches 
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(Hartman et al. 1996). Studies from other areas of coastal B.C. also support that clear-

cutting and construction of logging roads increases the frequency of debris flows post-

logging (OôLoughlin 1968; Rood 1984).  

Hydrological changes as a result of logging practices can also disrupt a 

watershed (McMurray & Bailey 1998). Logging is known to cause increases in seasonal 

flows, and stream temperature and affect the timing of peak flows by shifting them 

earlier and increasing both the magnitude and duration of the peak flow (Hartman et al. 

1996; McMurray & Bailey 1998). The magnitude of these changes is dependent on 

many site-specific factors such as the size of the watershed, the percent of the 

watershed that has been logged, and the extent of road networks intersecting the 

slopes (McMurray & Bailey 1998). Clear-cutting in the Pacific Northwest (PNW) 

temporarily exposes large areas of bare hillslopes to heavy precipitation. Loss of tree 

cover in these areas causes soils to become saturated and increases surface flow that 

discharges rapidly to the main stem of the river (McMurray & Bailey 1998).  

Disturbances in headwaters and riparian areas of a watershed are inherently 

linked to downstream reaches. Disturbances in headwaters and riparian areas thus 

have the potential to seriously impact the morphology of downstream reaches and the 

estuary (Gomi et al. 2002; Lee et al. 2005). Currently the scientific community does not 

have a good understanding of the effects of logging on estuary and marine systems in 

coastal B.C. Although research on estuaries has increased dramatically (Levings 2016), 

the potential effects of increased sediment supply on estuary ecosystems is not well 

understood (Thrush et al. 2003). Furthermore, the effects of estuary habitat loss on 

Pacific salmon (Oncorhynchus spp.) in temperate regions is limited (Chalifour et al. 

2019).   

Aquatic-habitat loss associated with logging is one of the primary factors 

contributing to the decline of Pacific salmon species on the West coast of Vancouver 

Island, and more broadly throughout B.C. (Grant et al. 2019). This project examined 

how salt marsh habitat has changed over time, in a logged and an unlogged estuary, to 

determine if critical rearing habitat for juvenile Chinook salmon (Oncorhynchus 
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tshawytscha) had been lost. Under Canadaôs Conservation of Wild Salmon Policy 

(WSP), Fisheries and Oceans Canada (DFO) has conducted standardized monitoring to 

determine the status of wild salmon stocks (DFO 2016). A Conservation Unit (CU) 

designation is assigned to stocks that hold biologically distinct characteristics that if lost, 

could not be recovered. Many Chinook salmon populations in PNW are endangered or 

threatened; 76 populations of Chinook salmon have been designated as Conservation 

Units in B.C. (Grant et al. 2019). This includes Chinook populations in my two study 

sites: Tranquil Creek and Moyeha River (Fig.1); Conservation Unit West Vancouver 

Island South (CK-31) (Government of Canada 2018). By increasing habitat complexity 

and diversity of habitat necessary to support juvenile Chinook salmon, it should be 

possible to accelerate the natural recovery process and restore populations that 

otherwise would take hundreds of years to recover on their own (Palmer et al. 2016). 

Knowledge on specific stock life histories, detailed habitat inventory data, appreciation 

for ecosystem complexity, and an understanding of watershed processes is needed to 

address and restore degraded salmonid habitat (Hartman et al. 1996).  

At the heart of the partnership between Simon Fraser University (SFU), British 

Columbia Institute of Technology (BCIT), and Central Westcoast Forest Society 

(CWFS), is the desire to address the important issue of declining Chinook salmon 

populations in Clayoquot Sound through innovative research. The purpose of this 

research project was to gather baseline information to assess changes in the estuary as 

it relates to rearing habitat for juvenile Chinook salmon (Simenstad et al. 2002). Here I 

examine the dynamic interactions between complex watershed processes and the 

impacts on estuarine juvenile Chinook rearing habitat. This project aims to provide a 

comprehensive restoration plan to guide restoration of critical estuary rearing habitat for 

juvenile Chinook salmon in the Tranquil Creek Watershed in Clayoquot Sound.    

1.2. Objectives 

The goal of this research is to provide CWFS, The Salmon Round TableïArea 24 

Clayoquot Sound, The Tla-o-qui-aht First Nation, and The Nuu-chah-nulth Tribal 

Council with a comprehensive restoration plan to restore critical rearing habitat for 
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juvenile Chinook salmon in the Tranquil Creek estuary. This restoration plan will guide 

future restoration efforts to increase estuary habitat for juvenile Chinook, in hopes to 

address the problem of declining populations of Chinook salmon in the PNW.  

The objectives of this study are as follows:  

1. Determine if salt marsh habitat has changed over time as a result of historical 

industrial logging practices in the watershed.  

2. Determine how the available salt marsh habitat has changed over time i.e. salt 

marsh area, elevation, and volumetric change.  

3. Determine if ecological restoration treatments are feasible and develop a 

restoration plan to improve or increase the usable saltmarsh habitat for juvenile 

Chinook salmon.  

I hypothesize that sediment input to the stream in the upper watershed, has been 

deposited in the estuary and has decreased the available salt marsh habitat for juvenile 

Chinook salmon. I predict that the area of vegetated salt marsh habitat has decreased 

over time. I also predict that excess sediment deposition in the salt marsh has resulted 

in an increased salt marsh elevation in Tranquil Creek estuary.  

1.3. Estuary Dynamics  

Estuaries are dynamic landforms that are continually formed and eroded by river, 

wind, and tidal processes (Government of BC 2006). To appropriately predict how an 

estuary will change over time, the suite of physical and environmental factors that 

influence sediment input and output need to be assessed. This may be limited by data 

available to produce a comprehensive evaluation of such a complex system (Simenstad 

et al. 2002). Currently, there are no models in the PNW that can be used to predict 

estuary habitat trajectories (Simenstad & Cordell 2000). It is difficult to develop reliable 

predictive models to predict changes, because coastal sediment budgets are not fixed, 

and are influenced by time-dependent factors such as land use changes (Warrick et al. 

2013). 
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In forested mountain environments, sediment supplied to streams is directly 

related to the surrounding landscape and materials moved by colluvial and fluvial 

processes (Church 1992). Sediment yield and sediment load supplied in the river are 

positively correlated with estuary size (Levings 2016). The input and deposition of 

sediment in the estuary from hillslope processes, stream bank erosion, and tidal 

processes is dynamic and is important for habitat formation (CSSP 1995; Levings 

2016). 

Estuaries in Clayoquot Sound are categorized as coastal plain landforms 

containing glaciofluvial materials of mostly sand and gravel transported to the valley 

bottom as fluvial sediments which are then deposited as floodplains and alluvial fans 

(CSSP 1995). My study sites, Tranquil Creek and Moyeha River watersheds, are 

dominated by steep, rocky slopes of colluvium and glacial till and are subject to gully 

erosion, rock falls, debris slides and debris flows (CSTPC 2006). Changes in the 

frequency and magnitude of sediment input is relevant to restoration and protection of 

juvenile Chinook salmon rearing habitat.   

To evaluate sediment loading to the estuary, one must also have a good 

understanding of the local climate (annual precipitation) and history of land use in the 

watershed (Ziemer et al. 1998; Warrick et al. 2013). Average surface run-off and 

sediment supply to the watershed are both affected by logging (Warrick et al. 2013). In 

a natural estuary, the river moves horizontally across the plane of the estuary and 

sediments are deposited in the floodplain where river and wave energy mix (Levings 

2016). The extent of estuary habitat thus depends on this interaction. The establishment 

of salt marsh vegetation and habitat required for juvenile Chinook, is therefore also 

dependent on sediment input and transport, and wave action at the estuary (Wainger et 

al. 2017).   

1.4. Salt Marsh Habitat Use by Juvenile Chinook  

Estuaries are highly productive and ecologically diverse ecosystems that 

combine freshwater aquatic, terrestrial, and marine environments (Government of BC 
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2006). Juvenile Chinook salmon rely heavily on estuary habitat for rearing and spend 

three months to one year in the estuary before migrating to the Pacific Ocean (Levings 

2016). Life-history terminology relating to migration timing and estuary residence time 

varies across the literature (Carl & Healey 1984; Bottom et al. 2005; Moran et al. 2013; 

Levings 2016). Two main life-history types have been defined for juvenile Chinook 

based on the amount of time spent in freshwater before migrating to marine 

environments (Teel et al. 2000). Sub-yearling or ocean-type Chinook migrate to the 

estuary within the first year in spring or summer as fry, while yearling or river-type, 

reside in freshwater for at least one year before they migrate into the estuary as smolts 

(Teel et al. 2000). Brannon et al. (2004) argue that population-specific life-history types 

vary along a temporal continuum related to incubation and rearing temperatures in 

addition to genetically derived life history traits. Interestingly, three distinct life history 

types of juvenile Chinook have been identified in the Nanaimo Estuary, Vancouver 

Island, B.C.: an estuary-type that migrate to the estuary almost immediately after 

hatching, a two-month river-type, and a stream-type that remain in the river overwinter 

before migrating to the estuary in the spring (Carl & Healey 1984; Levings 2016). The 

Nanaimo estuary provides a good example of the known life-history types found on 

Vancouver Island B.C. It is believed that only sub-yearling (ocean-type) juvenile 

Chinook inhabit my study sites, however, data on juvenile life history characteristics is 

lacking in B.C. (Levings 2016).   

When Chinook salmon fry migrate from a freshwater river environment to a saline 

estuarine environment, they face many physiological and ecological challenges 

(Levings 2016). As they undergo smoltification, changes to osmoregulatory processes 

in the gills, liver, kidneys and bladder are necessary to adapt to changing physical 

environments (Levings 2016). Upon entering the estuary, juveniles also become 

exposed to new stressors such as prey that is more evasive and new predators 

(Simenstad et al. 2002). The surrounding landscape and structures within salt marshes 

directly influence the available refuge and prey abundance for juvenile fishes 

(Simenstad et al. 2002). Estuary restoration that maximizes the available refuge habitat 

and supports high prey abundance will improve survival of juvenile Chinook in this 

developmental stage.  
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Studies on juvenile salmonid habitat use conducted by Simenstad et al. (2002) 

captured Chinook salmon in the small first-order channels of the salt marsh and along 

the edge and above salt marsh vegetation but not within the marsh vegetation. Another 

study demonstrated with gill net surveys, that Chinook salmon fry demonstrate the 

highest density deeper in the marsh, likely due to food availability at higher marsh 

elevations (Levy & Northcote 1981). It was suggested by Simenstad et al. (2002) that 

most fish emigrate from channels with ebbing tides, however one study using PIT-tag-

detection proved that juvenile Chinook salmon movement was volitional and was not 

passive with tidal flows (Hering et al. 2010). This highlights possible limitations to fyke 

net and beach seine sampling on falling tides in channels that remain inundated at low 

tides. Another study found that short-term storm driven increases in freshwater inflow to 

estuaries has the biggest potential to disrupt fish use of tidal marshes (Wissmar 1998). 

Hering et al. (2010) used PIT-tags to study juvenile Chinook salmon estuary movements 

and found that 94% of total detections in salt marsh habitat occurred in >0.4 m of water. 

This could provide implications for habitat use by Chinook if there have been changes 

that affect water depth in Tranquil Creek estuary. Juvenile Chinook salmon use of 

estuaries is greatly understudied in B.C., however, the data presented in these studies 

provide a baseline for how I can evaluate changes in salt marsh habitat as they relate to 

available and usable habitat for juvenile Chinook in Tranquil estuary.  

Salt marsh zones are described by Levings (2016) in terms of salinity, tidal 

activity and broad sediment characteristics. These definitions are broadly accepted here 

since estuaries on the West coast of Vancouver Island are unique in sediment structure 

and tend to have coarser sediments (Eggers & Ferguson 2018). Salt marshes display a 

vertical gradient of plant communities that reflect the frequency and duration of tidal 

flooding and vertical salinity variation in an estuary. A diverse plant community will likely 

increase habitat complexity and provide beneficial functions for Chinook and 

invertebrate prey species (Hood et al. 2018). Tidal sedge is the predominant plant 

species present at both my study sites, based on vegetation surveys, and appears to 

directly benefit juvenile salmon foraging potential (Hood et al. 2018). Small changes 

(cm) in salt marsh platform elevation can result in a large percent change in the 

frequency, duration, and depth of tidal inundation at the marsh surface (Raposa et al. 
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2016). Seasonal variability in river discharge and the resulting freshwater input to the 

estuary, can affect growing conditions for salt marsh vegetation (Frenkel et al.1981). 

There are three zones commonly used in estuary habitat classifications that are 

stratified by differences along a gradient of elevation and saltwater inundation and as a 

result differences in plant communities (Levings 2016). Zone definitions defined below 

were modified from field surveys conducted by CWFS from definitions provided by The 

National Oceanic and Atmospheric Administration (Robertson 2019).  

¶ Low salt marsh: approximately Mean Low Water Level (MLWL) = -1.3 m 

CGVD28 to approximately Mean Local Sea Level (MLSL) = -0.3 m 

CGVD28  

¶ Middle salt marsh: MLSL to approximately Mean High Water Level 

(MHWL) = 0.8 m CGVD28  

¶ Upper salt marsh: MHWL to Riparian border, which is characterized by 

trees and riparian shrubs  

Other studies evaluating salinity and elevation tolerances of common salt marsh 

species only refer to two salt marsh zones above (high) and below (low) MHWL. The 

average tolerance range estimated for all species surveyed at Tranquil was 0.49 m 

(Table 1).  

Table 1. Vegetation Observed at Tranquil Creek Estuary 
Vegetation surveys were conducted on 15 August 2019. Elevation data and salinity tolerance (PSU) were sourced 
from a study conducted in the Nisqually River Delta (Belleveau et al. 2015). Plants lacking elevation ranges were not 
observed in the Nisqually River Delta study. Elevation Ranges were converted from NADV88 to CGVD28 (2.7 m -0.8 
m). 

Common Name Scientific Name  

Salinity 
Tolerance 

(PSU)   

Elevation 
Range (m, 
CGVD28) 

Marsh 
Zone 

Elevation 
Difference (m) 

      

Lyngby's sedge  Carex lyngbyei 2 - 30 1.30 - 2.23 L/H 0.93 

Silverweed  Potentilla anserina 10-30. 1.99 - 2.30 H 0.31 

Sea-arrow grass  Triglochin maritima 10-45 1.39 - 2.25 L/H 0.86 

Tuffed hairgrass  Lysimachia maritima 10-30. 1.98 - 2.19 H 0.21 

Sea milkwort Lysimachia maritima 10-45 1.77 - 2.26 L/H 0.49 

Sea plantain  Plantago maritima 5-45 1.77 - 2.29 L/H 0.52 

Pacific alkali grass Puccinellia nutkaensis 5-33 2.01 - 2.28 H 0.27 
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Douglas aster  Symphyotrichum subspicatum na  2.08 - 2.30 H 0.22 

Meadow barley  Hordeum brachyantherum 5-21. 1.67 - 2.27 L/H 0.6 

Sea Watch  Angelica lucida  - - L/H - 

Yarrow  Achillea millefolium sp.  - - L/H - 

Alaskan Plantain  Plantago macrocarpa - - H - 

Average Range Tolerance (m) 0.49 

 

Absolute ranges in elevation tolerances are likely site specific since MHWL 

calculated for Tranquil Creek and Moyeha River estuaries differed from the study 

conducted by Belleveau et al. (2015) (0.8 m CGVD28 vs. 2.7 NAVD88 respectively). For 

my assessment of habitat changes I focused broadly on total vegetated salt marsh. 

1.5. Study Sites in Clayoquot Sound, B.C.  

The Tranquil Creek Estuary  

Tranquil Creek watershed is located approximately 20 km northeast of Tofino, 

Vancouver Island, B.C. and is located within the traditional territory of the Tla-o-qui-aht 

First Nation. The drainage area of the watershed is 65 km2 (Lerner 2011) and based on 

hydrometric data used to estimate Tranquil Creek, the mean annual discharge is 6.9 

m3/s (Kwasnecha & Hutchinson 2019; Government of Canada 2020a). Tranquil Creek 

historically supported Chinook (Oncorhynchus tshawytscha), Coho (O. kisutch), Chum 

(O. keta), Pink (O. gorbusch), and Sockeye salmon (O. nerka), also coastal cutthroat 

trout (O. clarkii clarkia) and steelhead (O. mykiss). However, Chinook salmon, among 

other species in this watershed have declined since the 1960ôs (Smith et al. 2016). It is 

of note that logging in the watershed began in the 1960ôs, however there are many 

other factors that are likely correlated to the observed decline (Lichatowich et al. 2017; 

Grant et al. 2019). Some of these factors include climate change and Northeast Pacific 

Ocean warming trends (Grant et al 2019), overfishing/poor fisheries management, 

pollution, and the presence of open-net fish farms (Lerner 2011). 

DFO records indicate Tranquil Creek Chinook escapement counts were steady at 

750 individuals from 1950-1960, after which numbers started to decline (Fig. 2a) (Brown 
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et al. 1979; Government of Canada 2019). Escapement counts at Tranquil Creek were 

highly variable between 1963 and 1977 but remained relatively low compared to historic 

numbers. Recent data posted to the New Salmon Escapement DataBase System 

(NuSEDs) (Government of Canada 2019) indicate that Tranquil Chinook stocks have 

fluctuated dramatically between 1995-2018 (Fig. 2b) (Government of Canada 2019).  

 

Figure 2. Chinook Escapement Counts and Maximum Spawner Estimates for Tranquil Creek and Moyeha River. 
Chinook Escapement Counts from 1947-1977 (Brown et al. 1979) (a) and Maximum Spawner Estimates from 1995-
2018 (Government of Canada 2019) (b).

Tranquil Creek has experienced considerable resource extraction since the 

establishment of local fishing and logging towns Tofino and Ucluelet (located 40 km 

south of Tofino). Fandora Gold mining operations in the upper watershed of Tranquil 

Creek were completed in 1964 (Gary 2007). Shortly after, in 1965, logging began. 

During that time, it was standard practice to remove log jams from the river and so by 

1968, all log jams had been removed from the stream (Brown et al. 1979). In 1977 

bridges and culverts were constructed and by 1978 the second phase of logging 

operations began, which guided forestry workers to log all the way to the bank of the 

river (Brown et al. 1979). In 1995, the Forest Practices Code of B.C. and regulations 

came into effect (Province of B.C. 1997) the new Forestry Practices Code in B.C. was 

updated to incorporate the retention system, designed to maintain structural 

heterogeneity and protect ecological integrity (Mitchell & Beese 2002). Currently, the 

only forest management company operating in Tranquil Creek is Iisaak Forest 
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Resources Ltd., conducting forest harvesting within the scope of the Clayoquot Sound 

Land Use Decision under Tree Farm License 57 (Mychajlowycz 2010; Bryant 2016).  

A terrain stability assessment (TSA) was conducted by Onsite Engineering Ltd. 

for Tranquil Creek watershed in 2018. The study was conducted to rate the likelihood of 

landslide occurrences, locate sources of sediment and to evaluate the risks associated 

with riparian restoration activities (Eggers & Ferguson 2018). Two study areas were 

identified in the assessment that are of interest to this project: Map 1 and Map 2 (Extra 

Fig. 1). These sites were determined to be historical and ongoing sources of landslide 

debris (coarse sediments and large woody debris (LWD)): Study area 1 (SA1)ï east 

lower reach of Tranquil Creek, and study area 2 (SA2) ï west lower reach of Tranquil 

Creek (Eggers & Ferguson 2018). Numerous large landslides (0.5 ï 1 ha to >1 ha) 

occurred in SA1 in the early 1980s following road construction and harvesting 

operations. Although none of the landslides directly reached the main stem of Tranquil 

River, it is speculated that coarse sediments and LWD were transported to the main 

stem via tributary creeks during seasonal peak flows events (Eggers & Ferguson 2018). 

Five large landslides occurred in SA2 in the mid to late 1980s based on aerial 

photography and a Riparian Age Class Dating Map of the watershed (Eggers & 

Ferguson 2018). Active bank erosion on the east bank (~1 km upstream from tidewater) 

was also identified as a constant source of coarse and fine fluvial and glaciofluvial 

sediment (Eggers & Ferguson 2018). Clear-cut logging of old-growth-trees along the 

stream margin in the 1980s has contributed to bank instability after tree root systems 

stabilizing the soil were removed (Grant et al. 2019).  

The Moyeha River Estuary  

For my research project, I compared the Tranquil Creek estuary to an unlogged 

reference site, the Moyeha River estuary, which is located 40 km north of Tofino, in the 

traditional territory of the Ahousaht First Nation and within Strathcona Provincial Park. 

Having an unlogged control watershed as a comparison is rare in B.C. as is long-term 

environmental baselines for both watersheds that can be used to inform ecological 

restoration (Levings 2019). The drainage area of the Moyeha River watershed is 181 
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km2 (Lerner 2011). To compare changes in hydrology between logged and unlogged 

watersheds, The CSSP (1995) recommended that a hydrometer be installed in Moyeha 

River, but no meter was ever installed in the river. Escapement records indicate that the 

number of returning Chinook spawners in the relatively pristine Moyeha River were 

relatively steady at 750 individuals from 1947-1960, after which, numbers started to 

decline and only 10 Chinook spawners were counted in 1978 (Brown et al. 1979; 

Government of Canada 2019). Furthermore, NuSEDs indicate that Moyeha Chinook 

spawners have remained low but have remained relatively steady between 1995-2018 

(Fig. 2b) (Government of Canada 2019). This provides evidence that logging may not 

be the causal mechanism contributing to the decline of Chinook salmon populations in 

these watersheds. 

Comparatively, the Moyeha River watershed is larger than the Tranquil Creek 

watershed with a drainage area of 181 km2 vs 65 km2, respectively. The Moyeha River 

watershed has a larger spring freshet peak due to greater snowpack in the surrounding 

mountains, while the Tranquil Creek watershed is medium-sized and has moderate 

peak flows (Lerner 2011).  The Risk Assessment prepared for the Clayoquot Salmon 

Roundtable by Smith et al. (2016) determined that Moyeha river estuary had 

experienced significant deposition of sediment in the river and estuary between 1994 

and 2012. This assessment compared changes in the extent of Chinook habitat based 

on aerial photographs and field interpretations (Smith 2020, M.C. Wright and Associates 

Ltd., Nanaimo, BC, personal communication).  
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2. METHODS  

2.1. Aerial Photograph Analysis  

 Aerial photographs of Tranquil Creek estuary 

were available for the years 1937, 1956, 1968, 1970, 

1981, 1996, 2014 and 2019. This time frame captures 

aerial images that illustrate industrial logging in 1965, 

and when logging to the stream margin began in 1977 

(Brown et al. 1979). Aerial photographs of Moyeha River 

estuary were available for the years 1936, 1954, 1978, 

1981, 1996, and 2014 (Table 2).   

All publicly available aerial photographs from Provincial and Federal Government 

sources that reasonably captured both estuaries were ordered for this study (Natural 

Resources Canada 2019; Province of British Columbia 2019). Digital stereo pairs were 

ordered from the GeoData B.C. online database, however, not all flight lines and photo 

rolls were available for preview online. Therefore, an additional search from printed 

aerial photograph archives at the University of British Columbia Geography Library was 

conducted and digital copies were subsequently ordered (Table 4).  

Once digital photos were acquired, they were uploaded to a file transfer protocol 

(FTP) site and orthorectified by IGI Consulting (Grady 2020). Orthorectification is 

required to accurately measure distances and interpret photographic imagery in a 

Geographic Information System (GIS). This is done by geometrically correcting each 

aerial photograph to an accurate digital elevation model (DEM), so that all pixels are in 

a precise horizontal orientation in space (x, y) (Schowengerdt 2006). The DEM used 

was available from the Province of BC TRIM DEM database for mapsheets 092F022 

and 092F041 (Province of BC 2013; Grady 2020). Orthorectification adjusts for 

topographic relief, lens distortion, and camera tilt (Schowengerdt 2006). This allows for 

a comparable analysis across all photo years when photos are displayed using the 

same map projection. A map projection is a geographical transformation of the earthôs 

Tranquil Creek Moyeha River 

 1936 

1937  

 1954 

1956  

1968  

1970  

 1978 

1981 1981 

1996 1996 

2014 2014 

2019  

Table 2. Aerial photo years for Tranquil 
Creek and Moyeha River watersheds. 
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surface onto a plane to create a map. The Universal Transverse Mercator Projection 

NAD 1983 UTM Zone 10N is standardly used for environmental mapping in B.C. and 

was used for this study. The result of this image processing was orthophotos generated 

for each set of imagery. All orthorectified photographs are listed in Table 5.  

Light Detection and Ranging (LiDAR) imagery and aerial photos of Tranquil 

Creek were taken by Terra Remote Sensing in 2019. LiDAR surveying is a remote 

sensing method that uses a pulsed laser to measure light reflected off the earthôs 

surface to create a 3-dimensional representation of the surveyed area. This data can be 

used to create highly accurate and detailed maps. LiDAR and aerial photographs taken 

by Terra Remote Sensing, were used by IGI consulting to create orthophotos, and were 

used to map habitat types at Tranquil Creek estuary in 2019. 

2.1.1. Mapping Salt Marshes  

Orthophotos were uploaded to a geodatabase and projected in ESRI ArcGIS 

Desktop 10.7 (ArcGIS) in the coordinate system NAD 1983 UTM Zone 10N. Habitat 

types were characterized as large woody debris (LWD), Islands, vegetated salt marsh 

and unvegetated areas and were manually digitized on orthophotos. Area of habitat 

types was calculated from resulting polygons features using ArcGIS calculate geometry 

function (Hood 2014). Differences in tide height at the time photos were taken, 

prevented accurate mapping of unvegetated areas in all photos and limited the 

comparable area across years. This resulted in the comparison of vegetated salt marsh 

habitat across years as it was the most relevant to salmon habitat (Levings 2016).  

Experience delineating salt marsh vegetation on aerial photos and ground truth 

data from field surveys helped to determine salt marsh boundaries on orthophotos. 

Reference measurements or ground truth data is almost always required when 

conducting a spatial analysis. This data can assist with feature classification, can be 

used as calibration points and can help improve the accuracy of aerial photo analyses 

(Reif et al. 2012). Some photos differed in interpretability due to differences in 

resolution, image color balance, shadows from nearby forests, sun angle, vegetation 
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growth, and tidal stage. These limitations are consistent with studies conducted by 

Hood (2014). 

2.1.2. Analyzing Changes in Salt Marsh  

Habitat types were color-coded, and maps were exported for all photo years to 

compare changes in habitat area. The total area of vegetated salt marsh was calculated 

for all years and the rate of change was calculated between photo years for both 

estuaries. Hydrometric data available from Tofino Creek Station: 08HB086 was 

available from 1995 to 2019 (Government of Canada 2020b). Data from this station has 

also been used by CWFS to estimate flows in Tranquil Creek for an annual rotary screw 

trap study conducted in partnership with DFO (Kwasnecha & Hutchinson 2019). Daily 

average river discharge (m3 s-1) for fall months (Sept-Dec) was calculated and plotted 

over time. This data was overlapped with the rate of change in salt marsh area (% year -

1) observed at the Tranquil Creek estuary from 1981 to 2019.  

The average total salt marsh area was calculated before and after 1996, which 

represents pre and post logging activities. This is based on information provided in the 

TSA conducted for Tranquil in 2018 that stated, logging events in the anadromous 

reaches of Tranquil Creek ended in the late 1980ôs (Eggers & Ferguson 2018). Salt 

marsh mapping results for both estuaries were used to calculate respective average 

area pre and post logging activities. An analysis of variance (ANOVA) was conducted in 

R version 3.6.1 to determine whether there was an effect of site or logging on salt 

marsh area. A regression analysis could not be used to predict changes in salt marsh 

area due to the complexity involved in estuary dynamics.  

2.1.3. Digital Elevation Model Differencing and Volumetric Change 

Stereo models were created from stereo pairs by IGI Consulting to later produce 

DEMs of difference (DoD) in ArcGIS. DoDs can be created by subtracting one elevation 

model from another and can be used to map erosion, deposition, and volumetric change 

in a landscape (James et al. 2012). Stereo models were formed for 2014 imagery using 

referencing meta-data available from GeoBC (Province of BC 2013). Photo identifiable 
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habitat features present in both the 1996 and 2014 imagery were selected, and 

horizontal and vertical coordinates were recorded into a control file. Using Summit 

Professional, the 1996 stereo models were formed using these control points to 

reference the images. The 1981 stereo models were formed using the 2014 control 

points as well as additional photo identifiable features selected in the 1996 imagery. 

This method of cascading control from photo identifiable features, continued down to 

the 1936 stereo models using control from all previous years of imagery: 2014, 1996, 

1981, 1978 and 1954 stereo models (Grady 2020). 

Digital terrain models (DTMs) were created in Summit Professional and 

MicroStation using summit models. Polygons from salt marsh mapping in ArcGIS were 

imported into MicroStation and a 10 m x 10 m grid was generated within the polygon 

boundary for DTM collection in Summit Professional (E. Saczuk 2020, British Columbia 

Institute of Technology, Burnaby, BC, personal communication). Elevation data was 

hand digitized and resultant CAD Point layer files were exported to ArcGIS.  

  Contour maps for each year were generated by the SFU Geography 

Department (Song & Ng 2020). DoDs were created to compare the average elevation 

pre 1996 and post 1996 for both sites. To create contour shape files, CAD files were 

converted to ESRI Geodatabase files using the ArcGIS tool: CAD to Geodatabase, with 

spatial reference NAD 1983 UTM Zone 10N. To interpolate discrete point elevation 

values into a surface raster file, ArcGIS tool: IDW, with cell size 1 m2, was used to 

create output inverse distance weighted (IDW) shape files. To clip the raster to the 

study area the ArcGIS tool: Extract by mask, was used to mask the surface raster file 

with the boundary of the study area polygon file. To calculate the average elevation for 

each time period (19xx ~ 19xx and 19xx~ 20xx) ArcGIS tool: Cell statistics, was used. 

To calculate the elevation difference between the two average values ArcGIS tool: 

Minus was used. The resultant IDW shape files were exported as maps (Song & Ng 

2020).  

Volumetric change was calculated pre and post 1996 for both sites using 

frequency of elevation data extracted from ArcGIS shape files. The elevation difference 
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value (m) was exported into a .csv file (for 1 m2 grid squares). Volume (m3) was 

calculated by adding all the values (Song & Ng 2020). 

2.2. Stratigraphic Methods   

2.2.1. Sediment Core Sampling   

Stratigraphy of sediment cores can be used to better understand the dynamic 

episodic regimes in coastal estuaries (Watson et al. 2013). To supplement salt marsh 

digitization, sediment cores were taken at both the Tranquil Creek and Moyeha River 

estuary to support inferences on hydrogeomorphic mechanisms behind the observed 

changes and to gain insight on sediment transport and deposition in the estuary system 

(Poppe et al. 2000). Grain size distribution is a powerful tool used to interpret the 

geomorphic significance of fluid dynamics in the natural environment and can be used 

to distinguish local sediment transport mechanisms (Hunt & Jones 2019).  

Sediment core locations were determined along exposed vertical channel banks 

using a stratified random sampling design (Extra Fig. 2).  Cores were evenly distributed 

in each salt marsh zone (lower, middle, and upper), with a total of 6 cores taken at 

Tranquil Creek estuary and 6 cores taken at Moyeha River estuary (Fig. 3). UTM 

coordinates were recorded prior to digging at each sediment core location (Table 6).  
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Figure 3. Sediment Core Locations at Tranquil Creek estuary and Moyeha River estuary.  
Sediment cores at Tranquil Creek estuary were taken 26-August 2019 and 30-August 2019 (a) and sediment cores at 
Moyeha River estuary were taken 29-August 2019, 15-Sept. 2019 and 16-Sept. 2019 (b), in Clayoquot Sound, 
Vancouver Island, BC. Labels correspond to Core ID (ex. Tranquil Core 1: TC1; and Moyeha Core 1: MC1) (Esri 
2009)  

Estuaries on the West coast of Vancouver Island are unique to most estuaries 

studied in B.C. such as the Fraser River Estuary and the Nanaimo, Cowichan, 

Chemainus, and Comox estuaries on the East coast of Vancouver Island (Flynn et al. 

2006). In the steep headwaters of coastal tributaries, fluvial sediment load transported 

can be significantly coarser than in larger rivers (Lee et al. 2005).  Due to the coarse 

grain size characteristic of my study locations, I designed a simple sampling method 

described below, that allowed me to sample deeper into the coarse estuary sediments 

typically found at my study sites.  

I considered 14C and 210Pb isotope dating in this study because it had been used 

in other studies to date sediment deposition in estuaries (Hales 2000; Watson et al. 

2013).This would have been an informative way to correlate major logging events to 

sediment loading in the estuary however funding was not available for these analyses.  

 

Sampling at Tranquil Creek estuary occurred 26-August 2019 and 30-August 

2019. Sampling at Moyeha River estuary occurred: 29-August 2019, 15-Sept. 2019 and 

16-Sept. 2019. The boundary of each salt marsh zone in the Tranquil Creek estuary 



 20 

was established using a map of the estuary with DTM polylines (Robertson 2019). The 

boundary of each salt marsh zone in the Moyeha River estuary was demarcated on a 

2019 drone photo. Zone boundaries were verified in the field based on predominant 

vegetation types known to exist in each zone (Pojar 1994; Belleveau et al. 2015). 

Potential sampling points were evenly marked along the perimeter of each zone and 

numbered 1 through k (k=total number of possible sampling locations). Two random 

points were selected in each salt marsh zone (upper, middle and lower) using a random 

number generator. Selected sampling points were estimated in the field using a Garmin 

Global Positioning System (GPS)ïthis likely contributed to some bias. A crude core 

sampling method was used to extract core samples that would later be used to 

determine grain size distribution in the lab.  

 

Cutback banks were most easily sampled at low tide. Sampling windows were 

roughly 4-6 hours, from low tide to high tide. Tides and physical effort greatly restricted 

this method and is one reason for a small sample size used in this study. Cores were 

dug by hand at each randomly selected sampling location using a pickaxe and shovel. 

Cores were roughly 0.1 m in from the bank edge and 1.0 m deep. A transect was set 

from the top edge of the bank to the base of the core. Samples were taken at 10-cm 

intervals along the transect using a 555 ml sampling device designed by Douglas 

Crocker (Extra Fig. 3). Photos were taken to help with qualitative analysis (Fig. A2. a-e). 

 

I attempted to extract 10 samples for each 1.0 m core (roughly 1 sample every 

0.1 m). I was only able to extract 7 samples from TC5 at Tranquil 30-Aug 2019 because 

of rising tides. Samples were used if they filled >50% of the can. If samples were <50% 

a second sample was taken at the same depth. Rocks that prevented successful 

extraction were taken out and included in the sample, followed by a second attempt to 

extract sediment from that depth to fill the sampling device. Each sample was placed in 

a labeled plastic Ziplock bag. Date, estuary name, UTM, core number, sample number, 

and sample depth were included on every sample. Samples from each core were stored 

in separate large plastic Ziplock bags and all samples collected in a day were stored in 

a 14 L plastic tote until they could be processed in Dr. Jeremy Vendittiôs sediment lab at 
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SFU. A total of 12 cores were taken and a total of 117 samples were collected and 

processed (6 cores x10 TRANQ ï 3 (TC5 had 7 samples) + 6 core x10 MOYEHA).  

2.2.2. Sediment Processing 

Sediment processing occurred in two parts: drying and sorting by grain size. First 

samples were emptied from Ziplock bags into aluminum drying trays labeled with core 

number, sample number and depth of sample. Samples were then placed in a drying 

oven set at 150°C until dry. Drying time was ~8 hours per core but varied depending on 

the moisture content in the samples and number of samples in the oven. Samples were 

deemed dry by touch. After drying, dry weight of each sample was noted on a 

spreadsheet. Next, sieve trays were assembled from smallest to largest screen size. 

Sieve tray sizes were <0.063 mm, 0.063-0.2 mm, 0.2-4.0 mm, 4-8 mm, 8-16 mm, 16-

31.5 mm and >31.5 mm respectively. Sieve sizes chosen were based on grain sizes 

outlined by Shreve & Downs (2005) and what was available in the sediment lab.  

 

Once sieves were assembled, the deepest sample taken from Tranquil Creek 

core 1 was poured into the stack of sieves and run in a mechanical sieve machine for 5 

minutes or until all sediment was sufficiently sorted. Sieve trays were separated 

carefully and the weight of sediment in each sieve was recorded on a spreadsheet. 

Relative weight fractions of: clays and silt (<63 ɛm), sand (0.063-0.2 mm), very fine 

gravel (0.2-4.0 mm), fine gravel (4-8 mm), medium gravel (8-16 mm), coarse gravel (16-

31.5 mm), and very coarse gravel (>31.5 mm), were recorded and compared to the total 

dry weight of that sample to calculate percent grain size distribution (Shreve & Downs 

2005). Sorting was repeated for each sample in ascending order until all samples were 

sorted from the respective core. Sorting procedures were repeated for all 12 cores.  

2.2.3. Analysis of Sediment Core Data  

Depth of core samples were standardized for the analysis, and percent grain size 

distribution was determined for each core (Hales 2000). The median proportion for each 

grain size category was determined at each depth for the six cores from each site (n=6). 
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Grain size distribution was presented in a stacked bar graph to compare the relative 

proportional differences in grain size categories between the Tranquil Creek and 

Moyeha River estuaries.  

A community analysis of sediment core results was conducted by Joy (2020). 

The dimension reduction took the proportion data of all the different substrate types and 

tried to explain the variability in just two axes (NMDS1 and NMDS2). This analysis was 

used to evaluate community level differences between study sites.  
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3. RESULTS  

3.1. Changes in Salt Marsh Habitat Area 

Salt marsh habitat in the Tranquil Creek estuary and Moyeha River estuary 

varied over the observational period. Salt marsh habitat surface area in Tranquil estuary 

(Fig. 4) and Moyeha estuary (Fig. 5) were mapped on orthophotos in ArcGIS 10.7. 

Based on mapping results, the total salt marsh area in 1937 in the Tranquil Creek 

estuary was 88,614 m2, reached a maximum area of 122,415 m2 in 1956 and a 

minimum area of 58,600 m2 in 1970. The total salt marsh area in 2019 was calculated to 

be 112,741 m2. Indicating a net gain of 24,127 m2 (27%), between 1937 and 2019. The 

most notable changes seem to have occurred on the east side of the estuary. A logging 

camp, log storage sites and roads are visible for the first time in the 1968 aerial 

photograph. It is likely that the east bank of the salt marsh was dredged to facilitate 

ocean-transportation of logs. This area of the salt marsh experienced a loss of 

34,342,17 m2, between 1956 and 1968. The unvegetated area in the estuary also 

appears to have increased over the observational period and is largest in 2019. 

 

Figure 4. Estuary Habitat Mapping Tranquil Creek 
Mapping for these photos was conducted by Tuzlak (2019).  
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The total salt marsh area in 1936 at the Moyeha River estuary, the reference 

estuary, was 124,983 m2. The minimum area mapped was 98,490 m2 in 1954 and the 

total salt marsh area in 2014 was 158,487 m2 which was also the maximum area 

mapped over the observational period indicating a net gain of 33,503 m2 (27%), 

between 1936 and 2014. 

 

Figure 5. Estuary Habitat Mapping Moyeha River. 

 

The average total salt marsh area across the observation period in the Tranquil 

Creek estuary was 93,210.52 m2 with a standard deviation of 24,724.21 m2 and the 

average total salt marsh area across the observation period in the Moyeha River 

estuary was 122,441.7 m2 with a standard deviation of 22,970.49 m2. The total surface 

area (m2) mapped on orthophotos across the observational period is depicted in Figure 

6. The beginning of logging in Tranquil Creek (1965) and the start of logging to the 

stream margin in Tranquil Creek (1977) is also depicted in Figure 6. No significant trend 

in total salt marsh area was evident in the data for Tranquil Creek or Moyeha River over 
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the observational period, however both estuaries experienced a positive net gain in 

surface area.  

 
Figure 6. Total Salt Marsh Area. 
Total salt marsh area (m2) in Tranquil Creek estuary calculated from polygons mapped on orthorectified aerial 
photographs from 1937, 1956, 1968, 1970,1981, 1996, 2014 and 2019, and in the Moyeha River estuary from 1936, 
1954, 1978 1982, 1996 and 2014. Logging began in Tranquil watershed in 1965 and was logged to the stream 
margin in 1977.  

 

The average salt marsh area in the Tranquil Creek estuary prior to the end of 

logging activities in the lower watershed (pre 1996) was 89,994.75 km2 and after (post 

1996) was 98,570.14 km2 (Fig. 7). The average salt marsh area in the Moyeha River 

estuary pre and post 1996 was 119,337.10 km2 and 128, 651.0 km2 respectively (Fig. 

7). No significant difference was detected between the average salt marsh area in the 

Tranquil Creek estuary and the Moyeha River estuary pre 1996 and post 1996. Thus I 

was unable to detect an effect of site or logging on salt marsh area (ANOVA, F(3)= 

1.5923, P=0.2523). 
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Figure 7. Average Salt Marsh Area pre 1996 and post 1996. 
Boxplot depicting average total salt marsh area at Tranquil pre 1996 and post 1996 (blue boxes n=5 and n=3, 
respectively) and at Moyeha pre 1996 and post 1996 (orange boxes n=4 and n=2, respectively).   

 

To visualize times within the observational period when the greatest changes 

occurred, I calculated rate of change (Table 2) and plotted the rate of change in total 

salt marsh area for both watersheds (Fig. 8). It is important to note that the aerial photos 

available for both watersheds were not consistent across years. Aerial photos were not 

available for Moyeha River between 1955-1977 and two photos were available for 

Tranquil Creek in that time. Temporal changes that may have occurred in the Moyeha 

River estuary during that time will not be considered in this analysis. The most notable 

changes in the Tranquil Creek salt marsh area occurred between 1956 and 1968, with a 

loss of 7.65 % in total salt marsh area per year, and between 2014 and 2019 with an 

increase of 6.32 % in total salt marsh area per year (Fig. 8). The greatest surface area 

changes in the Moyeha River salt marsh occurred between 1978 and 1981 with an 

increase of 4.39 % in total salt marsh area per year. Tranquil Creek salt marsh 
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experienced a similar increase of 4.52 % in total salt marsh area from 1970 to 1981 

(Fig. 8).  

Table 2. Rate of Change for Tranquil and Moyeha Salt Marsh Area  

Study 
site 

Study 
period 

(time 1ï2) 
Year Habitat type 

Area at time 1 
(m2) 

Area at time 2 
(m2) 

Change (%) 
Rate of 
change 
(% yrī1) 

Tranquil 1937 1937 Salt Marsh - 88614.92 0 0 

Tranquil 1937-1956 1956 Salt Marsh 88614.92 122415.93 27.61 1.45 

Tranquil 1956-1968 1968 Salt Marsh 122415.93 63816.12 -91.83 -7.65 

Tranquil 1968-1970 1970 Salt Marsh 63816.12 58600.56 -8.90 -4.45 

Tranquil 1970-1981 1981 Salt Marsh 58600.56 116526.20 49.71 4.52 

Tranquil 1981-1996 1996 Salt Marsh 116526.20 105836.97 -10.10 -0.67 

Tranquil 1996-2014 2014 Salt Marsh 105836.97 77131.63 -37.22 -2.07 

Tranquil 2014-2019 2019 Salt Marsh 77131.63 112741.81 31.59 6.32 

Moyeha 1936 1936 Salt Marsh - 124983.41 0 0 

Moyeha 1936-1954 1954 Salt Marsh 124983.412 98490.79535 -26.90 -1.49 

Moyeha 1954-1978 1978 Salt Marsh 98490.79535 117987.7226 16.52 0.69 

Moyeha 1978-1981 1981 Salt Marsh 117987.7226 135886.286 13.17 4.39 

Moyeha 1981-1996 1996 Salt Marsh 135886.286 98814.685 -37.52 -2.50 

Moyeha 1996-2014 2014 Salt Marsh 98814.685 158487.2292 37.65 2.09 

        

 

Figure 8. Rate of Change for Salt Marsh Area  
Rate of change, percent area (m2) per year, of salt marsh in Tranquil Creek estuary and Moyeha River estuary. Aerial 
photos used to calculate area were from 1936-2014 for Moyeha River and 1937-2019 for Tranquil Creek.  

Daily average river discharge for fall months (Sept-Dec) in Tranquil Creek were 

estimated using hydrometric data from Tofino Creek Hydrometric Station 08HB086 

(Government of Canada 2020b) and overlaid with rate of change for Tranquil Creek salt 

marsh area from 1995- 2019 (Fig. 9). High peaks in river discharge coincided with 

negative rates of change observed from 1981 to 1996 and from 1996 to 2014 and lower 
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peaks in river discharge coincided with a positive rate of change observed between 

2014 and 2019.  

 

Figure 9. Hydrometric Data and Rate of Change in Salt Marsh Area  
Daily discharge from hydrometric Station:08HB086 was averaged for September, October, November and December 
and was used to estimate fall peak flows in Tranquil Creek.  

3.2. Changes in Salt Marsh Elevation and Volume 

Elevation was compared spatially across years (Extra Fig. 4 and 5), and mean 

elevation was determined before and after 1996 for both watersheds to compare how 

elevation has changed before and after logging activities at Tranquil Creek (Fig. 10). 

The study area commonly mapped across all photo years in the Moyeha River estuary 

was 39,107.00 m2 (31% of the average total area), which when superimposed 

presented an average elevation difference of -0.190 m (SE +/- 0.031 m) pre and post 

1996. The total volume change calculated from the DEM-differencing of mean elevation 

pre and post 1996 in the Moyeha estuary was -5,816.04 m3. The study area commonly 

mapped across all photo years at Tranquil Creek estuary was 21,810.00 m2 (23% of the 

average total area), which when superimposed presented an average elevation 

difference of -0.88 m (SE +/- 0.049 m) pre and post 1996. The volume change 
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calculated from the DEM-differencing of mean elevation pre and post 1996 in the 

Tranquil Creek estuary was -11,799.874 m3. 

 
Figure 10. Digital Elevation Models and DEM of Difference. 
Elevation at Moyeha averaged pre 1996 from 1936-1981, n=4 (a) and post 1996 from 1996-2019 n=2 (b) Elevation at 
Tranquil averaged pre 1996 from 1937-1981, n=5 (d) and post 1996 from 1996-2019, n=3 (e) Changes in elevation at 
Moyeha with a range of >1.8m and <0.0m (c) and at Tranquil with a range of >2.0m and <0.0m (f) (Song & Ng 2020).  

3.3. Grain Size Distribution and Stratigraphy  

Grain size proportions were calculated for all cores (Tranquil n=6; Moyeha n=6) 

at both sites to determine differences in relative band width of different grain size 

proportions at different depths (Fig. 11). Sand (0.063-0.2 mm) was the predominant 

type of sediment found across both sites; 42.8% of all sediment in the sediment cores at 

the Tranquil Creek estuary and 50.8% in the sediment cores at the Moyeha River 

estuary. The proportion of gravels at different depths varied between both sites. There 

was a noticeable difference in the combined proportion of gravels, in the first 5 depth 

categories between both sites. Depths 1, 2, 3, 4, and 5 at Tranquil Creek estuary show 

relatively smaller band widths (proportions) of silt and clays compared to Moyeha River 

estuary, with 2.6% and 12.4% fines respectively. Tranquil Creek estuary cores also 


























































































